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Catchment-scale Phosphorus Export through Surface and Drainage
Pathways
Abstract
The site-specific nature of P fate and transport in drained areas exemplifies the need for additional data to
guide implementation of conservation practices at the catchment scale. Total P (TP), dissolved reactive P
(DRP), and total suspended solids (TSS) were monitored at five sites—two streams, two tile outlets, and a
grassed waterway—in three agricultural subwatersheds (221.2–822.5 ha) draining to Black Hawk Lake in
western Iowa. Median TP concentrations ranged from 0.034 to 1.490 and 0.008 to 0.055 mg P L−1 for event
and baseflow samples, respectively. The majority of P and TSS export occurred during precipitation events
and high-flow conditions with greater than 75% of DRP, 66% of TP, and 59% of TSS export occurring during
the top 25% of flows from all sites. In one subwatershed, a single event (annual recurrence interval < 1 yr) was
responsible for 46.6, 84.0, and 81.0% of the annual export of TP, DRP, and TSS, respectively, indicating that
frequent, small storms have the potential to result in extreme losses. Isolated monitoring of surface and
drainage transport pathways indicated significant P and TSS losses occurring through drainage; over the 2-yr
study period, the drainage pathway was responsible for 69.8, 59.2, and 82.6% of the cumulative TP, DRP, and
TSS export, respectively. Finally, the results provided evidence that particulate P losses in drainage were
greater than dissolved P losses. Understanding relationships between flow, precipitation, transport pathway,
and P fraction at the catchment scale is needed for effective conservation practice implementation.
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Abstract
The site-specific nature of P fate and transport in drained areas 
exemplifies the need for additional data to guide implementation 
of conservation practices at the catchment scale. Total P (TP), 
dissolved reactive P (DRP), and total suspended solids (TSS) were 
monitored at five sites—two streams, two tile outlets, and a 
grassed waterway—in three agricultural subwatersheds (221.2–
822.5 ha) draining to Black Hawk Lake in western Iowa. Median TP 
concentrations ranged from 0.034 to 1.490 and 0.008 to 0.055 mg 
P L−1 for event and baseflow samples, respectively. The majority of 
P and TSS export occurred during precipitation events and high-
flow conditions with greater than 75% of DRP, 66% of TP, and 59% 
of TSS export occurring during the top 25% of flows from all sites. 
In one subwatershed, a single event (annual recurrence interval 
< 1 yr) was responsible for 46.6, 84.0, and 81.0% of the annual 
export of TP, DRP, and TSS, respectively, indicating that frequent, 
small storms have the potential to result in extreme losses. 
Isolated monitoring of surface and drainage transport pathways 
indicated significant P and TSS losses occurring through drainage; 
over the 2-yr study period, the drainage pathway was responsible 
for 69.8, 59.2, and 82.6% of the cumulative TP, DRP, and TSS 
export, respectively. Finally, the results provided evidence that 
particulate P losses in drainage were greater than dissolved P 
losses. Understanding relationships between flow, precipitation, 
transport pathway, and P fraction at the catchment scale is 
needed for effective conservation practice implementation.
Catchment-scale Phosphorus Export through Surface 
and Drainage Pathways
Conrad E. Brendel, Michelle L. Soupir,* Leigh Ann M. Long, Matthew J. Helmers, Charles D. Ikenberry, 
and Amy L. Kaleita
Eutrophication is a global issue affecting water bodies around the world, including North America’s Gulf of Mexico, Northern Europe’s Baltic Sea, and China’s 
Changjiang estuary (Howarth and Paerl, 2008; Kleinman et al., 
2011). Historically, productivity in coastal waters is limited by 
N, whereas P is the priority nutrient limiting upstream freshwa-
ter productivity (Paerl, 2009). Of human-induced imbalances, 
agricultural activities such as fertilizer and manure application 
are consistently identified as significant sources of P to surface 
waters (Torrent et al., 2007; Turner et al., 2007; Blann et al., 2009; 
Kronvang et al., 2009). For example, in the Gulf of Mexico, model 
simulations have indicated agriculture is responsible for >70% of 
the P input (Alexander et al., 2008). Within agricultural land-
scapes, subsurface drainage is an important pathway of P loading 
to the Mississippi River basin (Algoazany et al., 2007; Gentry et 
al., 2007; Tomer et al., 2010; King et al., 2015), Lake Erie (Culley 
et al., 1983; Tan and Zhang, 2011; Sharpley and Wang, 2014; 
Smith et al., 2015), the Chesapeake Bay (Keppler and Rhoderick, 
2015), and the Baltic Sea (Behrendt and Bachor, 1998).
Artificial subsurface drainage is crucial to the success of row-
crop agriculture in the Upper Midwestern United States. The 
use of drainage has transformed this region, previously covered 
in swamps and wetlands, into some of the world’s most fertile 
agricultural land (Du et al., 2005). The benefits of subsurface 
drainage include allowing for trafficable conditions for timely 
field operations in seasonally and perennially wet locations, pre-
venting excessive soil water conditions, providing salinity control 
in irrigated areas, and increasing nutrient uptake of crops by cre-
ating a well-aerated root environment (Reeve and Fausey, 1974; 
Fausey et al., 1987; Vos, 1987; Zucker and Brown, 1998; Du et 
al., 2005). Although drainage provides many benefits to agricul-
tural production, drainage also represents a major pathway for 
nutrient losses from agricultural lands. Historically, studies of P 
export to waters have primarily focused on surface pathways, with 
some studies even suggesting that subsurface drainage reduces 
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SurfAce WAter QuAlity
technicAl reportS
core ideas
•	 Single events accounted for the vast majority of annual P and 
total suspended solids export.
•	 Frequent, low-depth events resulted in extreme P and total 
suspended solids losses.
•	 Particulate P losses in drainage waters can exceed dissolved 
P losses.
Published online December 13, 2018
 Journal of Environmental Quality 
overall P export through reduced surface runoff (Bottcher et al., 
1981; Bengtson et al., 1988; Fausey et al., 1995; Eastman et al., 
2010). However, in shifting water flow from surface to subsur-
face pathways, substantial drainage P contributions have been 
reported, ranging from 17 to >50% of total P losses (Culley et al., 
1983; Jamieson et al., 2003; Enright and Madramootoo, 2004; 
Tomer et al., 2010; King et al., 2015; Smith et al., 2015).
Phosphorus enters drainage through three primary pathways: 
(i) leaching into shallow groundwater through the soil matrix, 
(ii) preferential flow through macropores, and (iii) runoff to sur-
face intakes diverted to tile lines. Soils with high P concentrations 
and low P sorption capacity have high potential for P to leach 
from the soil matrix into runoff and groundwater (Kleinman et 
al., 2007; Vadas et al., 2007). As soil moisture content decreases, 
the relative contribution of macropores to chemical transport 
and water movement increases (Shipitalo and Edwards, 1996). 
Geohring et al. (2001) studied the timing of drainage P trans-
port relative to drainage flow and concluded that macropore 
flow is the primary transport pathway of total P (TP) through 
soil. Other studies have also highlighted the importance of the 
macropore pathway in P transport (Heathwaite and Dils, 2000; 
Simard et al., 2000; Vidon and Cuadra, 2011; Williams et al., 
2016). When ponding occurs on the soil surface, P may also 
enter subsurface drainage through surface intakes. This pathway 
has been reported to deliver at least 75% of the drainage TP load 
(Tomer et al., 2010).
Although drainage is an important pathway influencing P 
export, there is a need for catchment-scale monitoring to pro-
vide comprehensive insight into the multiple factors and path-
ways influencing P losses from intensively drained agricultural 
watersheds. The specific objectives of this study were (i) to assess 
the impact of flow regime on P and total suspended solids (TSS) 
export; (ii) within event and baseflow conditions, to examine 
the partitioning of P into dissolved and sediment associated frac-
tions; and (iii) to quantify analyte concentrations and loads in 
drainage and surface pathways. In watersheds with a complex 
mixture of small fields and landscape parcels, the water quality 
benefits of best management practice (BMP) implementation 
are most likely to be observed at the catchment scale (Stuart et 
al., 2010). Thus, this is the scale at which information is needed 
to inform optimized BMP implementation.
Materials and Methods
Study Area and Monitoring Sites
Three subwatersheds (8, 11, and 12) of Black Hawk Lake 
(BHL) in Carroll and Sac Counties, Iowa (Fig. 1), were moni-
tored. The BHL watershed has a drainage area of 5324 ha and 
is located along the western edge of the Des Moines Lobe. This 
landform region is characterized by a gently rolling landscape 
with abundant moraines and prairie pothole wetlands, and silty 
clay loam soils formed in glacial till. Many of these potholes have 
been drained with underground tile lines to facilitate agricul-
ture; row crops (corn [Zea mays L.] and soybeans [Glycine max 
(L.) Merr.]) account for 74.6% of the land use.
Subwatershed 8 (822.5 ha) is the largest of the three moni-
tored subwatersheds. A 91-cm-diam. drainage district tile dis-
charges just upstream of the subwatershed outlet. A second 
30.5-cm tile also discharged at the same location but could not 
be monitored because it was submerged during the study period. 
Samples were collected from the tile outlet (T8) and a grassed 
waterway (S8) that discharges at the same location. A 4.91-m-
wide, 0.18-cm-tall wooden weir was constructed at the grassed 
waterway discharge location to aid in sample collection and 
flow monitoring. Although sites T8 and S8 are located slightly 
upstream of the subwatershed outlet, elevated berms along the 
channel between the monitoring sites and the subwatershed 
outlet prevent runoff from entering the channel. Thus, the two 
monitoring sites are accurate representations of the total surface 
and drainage outflows from the subwatershed.
Subwatershed 11 is 229.4 ha; surface flow samples were col-
lected from the middle of a concrete box culvert (S11). Flow 
through the culvert occurs nearly year-round, which suggests the 
presence of an upstream artificial drainage source in addition 
to runoff flow. Subwatershed 12 (221.2 ha) is similar in size to 
Subwatershed 11. Sample collection occurred on both sides of a 
concrete box culvert; surface flow samples were collected upstream 
of the culvert at a 1.83-m-wide, 17.8-cm-tall wooden weir (S12), 
and drainage flow samples were collected from a 39.4-cm-diam. 
tile located downstream of the culvert (T12). Flow at S12 is fed 
by runoff as well as upstream artificial drainage sources, including 
a 25.4-cm-diam. tile outlet. Upon exiting the culvert, flow drops 
?0.5 m, preventing S12 and T12 flow from mixing.
In Subwatersheds 8 and 12, the sum of the flow at the surface 
and tile monitoring locations represented the total flow, whereas 
in Subwatershed 11, the flow at the surface monitoring location 
represented the total flow.
Sample and Data Collection
Samples were collected from March to November in 2015 
and 2016 using ISCO 6712 automated samplers (Teledyne 
ISCO) outfitted with 24 1-L bottles. The samplers were pro-
grammed to collect a 50-mL sample after a constant incremental 
flow volume (e.g., 100 m3) discharged through the monitoring 
location. Eighteen 50-mL samples, totaling 900 mL bottle−1, 
were deposited before the sampler moved to the next bottle. 
The incremental flow volume between sample collection was 
adjusted during site visits according to the observed flow condi-
tions— such that the flow volume was smaller during periods of 
low flow and larger during periods of high flow—with the goal 
of collecting a minimum of two bottles per week. Samples were 
retrieved weekly in 2015 and every 2 wk in 2016; grab samples 
were also collected during each site visit. Upon retrieval from the 
sampler, bottles were divided into two groups: bottles contain-
ing the flow-weighted samples collected during events and those 
collected between events. Events were defined as any period 
with both a measured precipitation of >0.5 cm and an observed 
increase in flow. Event duration was defined as the time between 
when flow rate first increased and when flow rate decreased back 
to a steady condition. For each event, an event flow-weighted 
(EFW) composite sample was created by mixing all the bottles 
containing samples collected during the duration of the event. 
Likewise, baseflow flow-weighted (BFW) composite samples 
were created similarly. The number of bottles used to form a com-
posite sample ranged from 1 to 24, depending on the number of 
bottles collected and the occurrence and duration of any events. 
The elapsed time for each EFW and BFW composite sample was 
calculated as the difference between the time the first sample in 
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the first combined bottle was taken and the time the last sample 
in the last combined bottle was taken. Elapsed times ranged from 
a day up to 2 wk depending on the occurrence and duration of 
any events. On 12 occasions, equipment failure occurred and the 
automated sampler collected no flow-weighted samples. In these 
situations, a grab sample was substituted for the BFW compos-
ite sample. Site visits did not coincide with events; thus, no grab 
samples were used in place of EFW composite samples.
Water flow, velocity, and level were recorded every 5 min using 
ISCO 750 area velocity flow modules or ISCO 720 submerged 
probe flow modules. Additionally, manual measurements of veloc-
ity and depth were recorded during each site visit using a Global 
Water Flow Probe (Xylem). These measurements were used with 
known cross-sectional geometry to calculate flow rates to validate 
the ISCO flow module readings. Daily precipitation data were 
obtained using PRISM Data Explorer (PRISM, 2017).
Sample Analysis
The BFW and EFW samples were analyzed for dissolved reac-
tive P (DRP), TP, and TSS; the concentration data are summa-
rized in Supplemental Fig. S4 to S6. For DRP, a 20-mL sample 
was filtered through a 0.45-mm mixed cellulose membrane filter 
(EMD Millipore) as per Method 4500-P B.1 (APHA, 2012b), 
followed by automated ascorbic acid reduction colorimetric 
analysis using a Seal Analytical  AQ2 discrete autoanalyzer (AQ2 
Method EPA-118-A Rev. 5, range = 0.01–1.0 mg P L−1, method 
detection limit = 0.002 mg P L−1, quantification limit = 0.02 mg P 
L−1). Total P was determined using a modified persulfate digestion 
(APHA, 2012b), followed by automated ascorbic acid reduction 
colorimeteric analysis on a Seal Analytical AQ2 discrete autoana-
lyzer (AQ2 Method EPA-119-A Rev. 6, range = 0.01–1.0 mg P 
L−1, method detection limit = 0.003 mg P L−1, quantification limit 
= 0.02 mg P L−1). Samples were analyzed for TSS using Method 
2540-D (method detection limit = 1 mg L−1, reporting limit = 
2 mg L−1) (APHA, 2012a). Data below the detection limit were 
set to one half of the detection limit. The frequency of concentra-
tions below the detection limit is summarized in Table 1.
Data Analysis
Flow was observed throughout the entire monitoring period 
at both the tile and stream sites. However, negative flow mea-
surements were erroneously recorded during low-flow condi-
tions due to instrument sensitivity. These measurements were 
removed from the datasets and accounted for 0 to 10.6% of the 
flow data for each site. Additionally, there were several periods 
where the ISCO samplers failed to collect data due to loss of 
fig. 1. Black hawk lake subwatersheds and monitoring locations and watershed position within the Des Moines lobe landform region and the 
State of iowa.
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power or malfunction. A summary of all data gaps is provided in 
Supplemental Fig. S1 and Supplemental Table S2. Overall, gaps 
in the flow dataset were generally under an hour. However, the 
maximum gap length was 18.9 d and occurred at site S11.
Water yield (WY) and the corresponding ratio of WY to precip-
itation, termed outflow ratio (OR), were calculated for each of the 
three BHL subwatersheds for both study years. Because WY and 
OR are dependent on total flow volume, the gaps in flow data were 
filled to calculate these values. Previous studies have used interpola-
tion techniques to fill gaps in flow data (Manak and Mysak, 1989; 
Bourgault and Koutitonsky, 1999; Yawson et al., 2005; Schneider 
et al., 2007). Here, linear interpolation was used to fill gaps <5 d, 
and the seasonal average flow rate was used for gaps >5 d (Yawson 
et al., 2005). Water yields were calculated by dividing the total sub-
watershed outflow volume (calculated by trapezoidal integration of 
flow by time) by the subwatershed area. Outflow ratios were then 
calculated by dividing the subwatershed WY by the total subwa-
tershed precipitation depth. There are no datasets summarizing the 
extent of subsurface drainage within the BHL watershed. However, 
Steinwand and Fenton (1995) observed lateral flow from upland 
well-drained soils to lower-lying poorly drained soils in the Des 
Moines Lobe landform region, where the BHL watershed is also 
located. Therefore, the entire subwatershed areas were assumed to 
contribute to drainage flow, because interflow occurs between areas 
both benefitting and not benefitting from drainage and thus would 
be intercepted by drain lines. Furthermore, farmers are unlikely to 
drain only part of a field. The implication of this assumption is that 
the unit-area loads calculated for the drainage pathways are conser-
vative because the cumulative analyte loads are distributed over the 
entire subwatershed area.
Kendall’s t correlation analyses were performed using JMP 
(SAS Institute, 2015) to identify correlations between weighted-
average flow and the TP, DRP, and TSS concentrations of all 
EFW and BFW composite samples with corresponding flow 
data. Analyses were performed on the combined 2 yr of data 
for sites T8, S11, and S12. However, site S8 was omitted from 
the analysis because flow only occurred at the site during sig-
nificant runoff events (seven times during the study period). 
Concentration data below the detection limit were set to one 
half of the detection limit for the analyses, and correlations were 
considered significant at p £ 0.05.
Cumulative loads were calculated by multiplying analyte con-
centration by the weighted-average flow for each BFW or EFW 
sample, then normalized by subwatershed area to produce unit-
area loads. The ratio of the EFW component to the total unit-
area load is referred to as the event contribution.
Annual recurrence intervals (ARIs) were calculated for events 
by first conducting a sliding window analysis to determine cumu-
lative precipitation over windows ranging in length from 5 min 
to 7 d. Next, ARIs were calculated by performing a linear inter-
polation between precipitation depths from the NOAA Atlas 14 
Precipitation Frequency Data Server (NOAA, 2017).
Results
Precipitation and Hydrology
During the study, the recorded precipitation was similar at 
each of the three BHL subwatersheds and ranged from 107.5 to 
111.5 cm during the 2015 monitoring period and 76.7 to 78.6 cm 
during the 2016 monitoring period. On average, the BHL sub-
watersheds experienced 28.8% more precipitation in 2015 than 
in 2016. As evidence of this, events in 2015 had greater average 
depths and intensities than those in 2016 (Table 2). Water yields 
were calculated for each subwatershed based on the March to 
November sampling season of each year and ranged from 15.9 
to 30.0 cm (Table 2). Overall, WYs in 2015 were similar in the 
three subwatersheds, but in 2016, the Subwatershed 12 WY was 
higher than those of Subwatersheds 8 and 11 (Table 2).
Flow patterns were also similar among the three BHL subwater-
sheds. The flow per area exceedance curves for each of the BHL sub-
watersheds (Supplemental Fig. S2) had similar shapes, indicating 
comparable flow responses. Constant linear trends were reflected 
through the majority of the curves for all three of the subwater-
sheds, indicating steady flow conditions. For example, the differ-
ence in the unit-area flow at 20 and 70% exceedance probabilities 
was 0.0001 m3 s−1 ha−1. This demonstrates that flow is sustained at a 
generally constant rate throughout the monitoring period, indicat-
ing a strong subsurface drainage influence (Schilling and Helmers, 
2008). From 0 to 10% exceedance probabilities, the curves are 
steep, representing high flows over short time periods, reflective of 
precipitation events. Of the three subwatersheds, Subwatershed 11 
experienced the most low-flow conditions (Supplemental Fig. S2).
During the study, the highest median EFW concentration for 
all analytes were observed at the grassed waterway site S8 (Table 
1). Median EFW TP concentrations ranged from 0.034 to 1.490 
mg P L−1 (Table 1, Supplemental Fig. S4). Median EFW and BFW 
table 1. Analyte summary of event flow-weighted (efW) and baseflow flow-weighted (BfW) samples for three tile-drained catchments in the Black 
hawk lake watershed.
Site n
total p Dissolved reactive p total suspended solids
Median (range) nondetect Median (range) nondetect Median (range) nondetect
mg P L−1 % mg P L−1 % mg L−1 %
efW concentrations
Subwatershed 8 grassed waterway, S8 7 1.490 (1.277–3.848) 0.0 1.038 (0.727–1.549) 0.0 69.0 (24.0–296.0) 0.0
Subwatershed 8 tile outlet, T8 27 0.138 (0.019–4.709) 0.0 0.048 (0.001–1.177) 18.5 9.3 (0.5–496.0) 7.4
Subwatershed 11 surface, S11 14 0.164 (0.0015–3.118) 7.1 0.028 (0.001–0.203) 14.3 34.8 (1.3–2,026.0) 0.0
Subwatershed 12 surface, S12 20 0.055 (0.016–0.751) 0.0 0.006 (0.001–0.316) 30.0 20.3 (1.7–108.0) 0.0
Subwatershed 12 tile outlet, T12 19 0.034 (0.0015–0.133) 5.3 0.005 (0.001–0.067) 36.8 6.3 (0.5–37.0) 21.1
BfW concentrations
Subwatershed 8 tile outlet, T8 46 0.04 (0.0015–0.491) 2.2 0.013 (0.001–0.191) 28.3 4.8 (0.5–119.0) 17.4
Subwatershed 11 surface, S11 47 0.032 (0.0015–1.419) 6.4 0.004 (0.001–0.475) 40.4 12.8 (0.5–852.0) 14.9
Subwatershed 12 surface, S12 50 0.055 (0.0015–1.048) 4.0 0.004 (0.001–0.125) 44.0 7.3 (0.5–244.0) 24.0
Subwatershed 12 tile outlet, T12 47 0.008 (0.0015–0.021) 34.9 0.005 (0.001–0.226) 36.2 1.3 (0.5–29.7) 44.7
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TSS concentrations were greater at the three surface sites than at 
the tile outlets (Table 1, Supplemental Fig. S6). The EFW DRP 
concentrations at the two tile outlets (Table 1, Supplemental Fig. 
S5) ranged from 0.001 to 1.177 mg P L−1. Soils in the region are 
dominated by the Clarion (fine-loamy, mixed, superactive, mesic 
Typic Hapludolls)–Nicollet (fine-loamy, mixed, superactive, 
mesic Aquic Hapludolls)–Webster (fine-loamy, mixed, superac-
tive, mesic Typic Endoaquolls) soil association (Supplemental 
Table S1), which were formed in glacial till under prairie vegeta-
tion and typically have high P sorption capacity (Hoover et al., 
2015). Furthermore, no surface intakes were identified in the BHL 
subwatersheds during a windshield survey and communications 
with the watershed coordinator. The lack of surface intakes elimi-
nates a primary pathway of P to subsurface drains.
Flow-Analyte Relationships
Overall, correlations between flow and the TP, DRP, and TSS 
concentrations of the BFW and EFW composite samples varied 
between the BHL sites. Time-series plots of precipitation, dis-
charge, and analyte concentration are included in Supplemental 
Fig. S7 to S21. For the BFW samples, no significant correla-
tions were observed between flow and analyte concentration 
at site T8 (Table 3). However, at site S11, a significant negative 
correlation was observed between flow and BFW DRP concen-
tration (p = 0.0017). Significant negative correlations were also 
observed at site S12 between flow and BFW TSS concentration 
(p = 0.0255), and at site T12 between flow and BFW TP con-
centration (p = 0.0287).
In contrast, positive significant correlations between flow 
and EFW analyte concentrations were observed (Table 3). 
Significant positive correlations were observed between flow 
and EFW DRP concentration at sites T8 (p = 0.0311), S11 
(p  =  0.0135), and S12 (p = 0.0001). At site S12, a significant 
positive correlation was also observed between flow and EFW 
TSS concentration (p = 0.0077), and at site T12, a significant 
positive correlation was observed between flow and EFW TP 
concentration (p = 0.0141).
Unit-area flow exceedance curves (Fig. 2) were developed for 
the daily average flow at the two tile sites (T8 and T12) and two 
stream sites (S11 and S12), overlaid with the BFW and EFW TP 
concentration data corresponding to the flow exceedance proba-
bility for the flow rate recorded when the samples were collected, 
and referenced to a TP value of 0.05 mg P L−1. Exceedance curves 
were not created for the grassed waterway (S8) because flow only 
occurred during significant precipitation events. Total P concen-
trations often exceeded the 0.05 mg P L−1 threshold during all 
flow conditions, with concentrations frequently >10 times and 
up to 94 times greater than 0.05 mg P L−1. Overall, 9.8% of T12 
samples, 59.7% of T8 samples, 48.3% of S11 samples, and 63.0% 
of S12 samples exceeded 0.05 mg P L−1.
Analyte Loads
Due to greater precipitation, greater analyte loads were 
observed in 2015 than in 2016 (Fig. 3). Averaged between 
the three subwatersheds, loads in 2015 accounted for 78.1% 
of the 2-yr cumulative subwatershed TP export, 86.9% of 
the DRP export, and 79.5% of the TSS export. In both years, 
Subwatershed 11 had the greatest TP unit-area load (2.997 and 
0.353 kg P ha−1), and Subwatershed 12 had the lowest DRP unit-
area load (0.234 and 0.039 kg P ha−1) of the three subwatersheds. 
Overall, the ratio of total DRP exported to total TP exported 
table 2. Summary of hydrological properties for three tile-drained 
catchments in the Black hawk lake watershed for 2015 and 2016. 
property Subwatershed 2015 2016
No. of events 15 16
Avg. event depth (cm) 3.38 2.93
Avg. event intensity (cm h−1) 0.54 0.52
Precipitation (cm) 8 111.5 77.2
11 107.5 76.7
12 107.6 78.6
Water yield (cm) 8 26.2 15.9
11 23.9 17.2
12 27.5 30
Outflow ratio (%) 8 23 21
11 22 22
12 26 38
table 3. flow-analyte correlations for baseflow flow-weighted samples (BfW) and event flow-weighted samples (efW) for subsurface tile sites (t8 
and t12) and surface water sites (S11 and S12) in the Black hawk lake watershed.
Site Analyte†
BfW efW
Kendall t p value n Samples < detection limit Kendall t p value n
Samples < 
detection limit
T8 DRP 0.1567 0.1422 45 13 0.2986* 0.0311 27 5
TP 0.1067 0.3041 45 1 0.0799 0.5593 27 0
TSS −0.0451 0.6661 45 8 0.0172 0.9004 27 2
S11 DRP −0.3510** 0.0017 44 18 0.5000* 0.0135 14 2
TP 0.0269 0.8000 44 2 0.3407 0.0897 14 1
TSS 0.1012 0.3406 44 6 0.3407 0.0897 14 0
S12 DRP 0.1376 0.2097 47 22 0.6414*** 0.0001 20 6
TP −0.0312 0.7616 47 2 0.1170 0.4744 20 0
TSS −0.2837** 0.0063 47 12 0.4339** 0.0077 20 0
T12 DRP −0.0972 0.3982 42 17 0.2937 0.0964 19 7
TP −0.2505* 0.0287 42 15 0.4130* 0.0141 19 1
TSS 0.2250 0.0521 42 21 0.3303 0.0526 19 4
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
† DRP, dissolved reactive P; TP, total P; TSS, total suspended solids.
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during the 2-yr monitoring period from each subwatershed was 
lowest in Subwatershed 11 (0.13), followed by Subwatershed 12 
(0.35) and Subwatershed 8 (0.47).
In 2015, 63.9% of the total TP export, 82.2% of the 
total DRP export, and 61.8% of the total TSS export from 
Subwatershed 11 occurred during a 9-d period between 22 June 
and 30 June (Supplemental Fig. S3). Precipitation during this 
event totaled 10.5 cm. The maximum ARI for this storm was a 
3.57-yr, 3-d event. In 2016, 46.6% of the total TP export, 84.0% 
of the total DRP export, and 81.0% of the total TSS export from 
Subwatershed 11 occurred during a 6-d period between 26 April 
and 1 May. During this period, Subwatershed 11 received a total 
of 6.5 cm of precipitation. However, the storm was not large 
enough to interpolate an ARI (i.e., ARI < 1 yr). In Subwatershed 
11, crops are planted to the stream edge and there is poor stream-
bank stability. Other times extreme precipitation events resulted 
in great TSS losses. For example, during the 22 June to 30 June 
2015 event, the unit-area TSS loss from Subwatershed 11 was 
?1870 kg ha−1.
Surface and Drainage Partitioning
Monitoring in Subwatershed 8 allowed for separate col-
lection of surface runoff via grassed waterway and tile path-
ways, which facilitate an analysis of the surface vs. drainage 
analyte concentrations and loads. Of the five monitoring 
locations, the grassed waterway (S8) had the highest median 
EFW concentration for all analytes (Table 1). Despite this, the 
grassed waterway contributions to subwatershed loads were 
small because flow rarely occurred. During the 2-yr period, T8 
contributed 95.1% of the total subwatershed WY, 69.8% of 
the cumulative subwatershed TP load, 59.2% of the DRP load, 
and 82.6% of the TSS load, demonstrating subsurface drain-
age can be a significant transport pathway. Overall, 39.8% of 
the Subwatershed 8 drainage TP load occurred as DRP versus 
63.2% for the surface TP load.
Discussion
Hydrology
In the three BHL subwatersheds, WYs ranged from 15.9 to 
30.0 cm and outflow ratios ranged from 21 to 38% (Table 2). 
Water yields for the three subwatersheds in 2015 are similar to 
the 24.7 cm yr−1 observed by Ikenberry et al. (2014) and the 26.3 
cm yr−1 WY estimated for the entire Des Moines Lobe (IDALS, 
2012). In 2016, less precipitation occurred and the WYs in 
Subwatersheds 8 and 11 decreased correspondingly. However, 
flow through the tile pathway in Subwatershed 12 was more 
consistent in 2016 than in 2015 and, consequently, the WY in 
Subwatershed 12 was higher. The BHL ORs are within the range 
of reported OR in undrained fields (15–27%) and drained fields 
and watersheds (31–88%); annual precipitation in these studies 
were similar to those observed in the BHL subwatersheds and 
ranged from 64.1 to 131.5 cm (Eastman et al., 2010; Ikenberry 
et al., 2014; King et al., 2015).
Flow-Analyte Relationships
In the BHL watershed, all significant correlations between 
flow rate and BFW analyte concentration were negative, whereas 
all significant correlations between flow rate and EFW analyte 
concentrations were positive (Table 3). However, it is also impor-
tant to note that many of the correlations did not produce statis-
tically significant relationships. When evaluating the percentage 
of total analyte export that occurred at flow percentiles, a few 
trends emerged. For EFW samples, 69 (T8) to 93.7% (S11) of 
DRP export occurred during flows exceeding the 75th percentile 
of measured flow rates (Supplemental Table S3). Similarly, more 
than half of the TP load, 55.6 (T8) to 76.2% (S12), occurred 
during the top 25% of flows. Contrastingly, during BFW sam-
pling, <52.2% (S11) of the TP load occurred during the top 
25% of flows from all sites (Supplemental Table S4). When 
combining EFW and BFW samples, >75% of DRP and 66% 
of TP was exported during the top 25% of flows from all sites 
(Supplemental Table S5).
As in the BHL watershed, previous studies have also found 
varying relationships between concentration and flow. King et 
al. (2015) found that drainage TP and DRP concentrations 
were highest when flow exceeded the 75th percentile of mea-
sured flow rates. Likewise, Royer et al. (2006) found that an 
average of 84% of DRP export occurred during extreme dis-
charges (³90th percentile), which compares with an average 
DRP export of 78.5% for all sites reported here. These results 
demonstrate that overall higher loads were associated with 
higher flow conditions, but sample concentration was not con-
sistently correlated with flow.
fig. 2. unit-area flow exceedance curves combined with total p (tp) 
concentrations for March to november 2015 and 2016 at (A) tile 
monitoring sites and (B) stream monitoring sites. observed values are 
compared with a tp value of 0.05 mg p l−1 for reference.
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Dissolved Reactive Phosphorus/Total Phosphorus Ratios
Low DRP/TP ratios indicate more surface transport of par-
ticulate P (Royer et al., 2006), and higher ratios indicate greater 
soluble P. In the BHL watershed, the ratio of total DRP to TP 
exported during the 2-yr study was 0.13 in Subwatershed 11. 
This ratio is similar to the soluble reactive P/TP ratios of 0.15 
observed in two extensively drained agricultural watersheds 
(3240 and 16,395 km2) in Ohio (Baker and Richards, 2002). 
However, BHL Subwatersheds 8 and 12 had higher DRP/TP 
ratios of 0.47 and 0.35, respectively. These values are within the 
range of unfiltered orthophosphorus/TP ratios (0.08–0.68) 
observed by Schilling et al. (2017) in 12 Iowa watersheds 
(88–6959 km2), but lower than watersheds located in the tile-
drained watersheds in the Des Moines Lobe of Iowa (>0.60).
Impact of Event Flow and Total Loss
These results highlight the importance of precipitation events 
in P and TSS export. During the 2-yr study, events were responsi-
ble for 46.7 to 92.7% of annual subwatershed TP export, 74.9 to 
93.8% of annual subwatershed DRP export, and 55.7 to 92.5% 
of annual subwatershed TSS export (Fig. 3). Sharpley et al. 
(2008) also observed large event contributions with 50 to 89% 
of TP, 45 to 78% of dissolved P, and 56 to 93% of particulate P 
export occurring in stormflow. In addition, Gburek and Sharpley 
(1998) found stormflow was responsible for ?70% of dissolved 
fig. 3. Annual subwatershed unit-area loads of (A, B) total p (tp), (c, D) dissolved reactive p (Drp), and (e, f) total suspended solids (tSS). Data 
labels represent the percentage of the total export occurring during events.
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P export. Other studies, however, have observed greater export 
during baseflow. A study by Novak et al. (2003) found that 57 
to 71% of total dissolved P was exported during baseflow, and 
a report by Barr (2016) found events only contributed ?29% 
of the total suspended sediment load measured at two loca-
tions on the Big River in Missouri. The partitioning of export 
between baseflow and stormflow could differ between these 
studies because of differences in monitoring scale. The BHL sub-
watersheds range in area from 221 to 823 ha, whereas Gburek 
and Sharpley (1998) and Sharpley et al. (2008) both studied a 
39.5-ha subwatershed, Gburek and Sharpley (1998) studied an 
additional 26-ha subwatershed, and Novak et al. (2003) studied 
a 2312-ha watershed divided into subwatersheds with areas rang-
ing from 425 to 1036 ha. Maximum event water contributions 
to stormflow decrease with increasing catchment size (Brown et 
al., 1999).
It is well documented that a few events can account for signif-
icant portions of annual flow and contaminant loads (Novak et 
al., 2003; Gentry et al., 2007; Sharpley et al., 2008). Precipitation 
events signify the highest flow rates and P concentrations and 
define the source areas for the formation of surface runoff 
(Gburek and Sharpley, 1998). In BHL Subwatershed 11, precipi-
tation over a 9-d event (maximum ARI = 3.57 yr, 3 d) was respon-
sible for 63.9, 82.2, and 61.8% of the total 2015 subwatershed 
export of TP, DRP, and TSS, respectively. In 2016, 46.6, 84.0, 
and 81.0% of the respective total annual export of TP, DRP, and 
TSS from Subwatershed 11 occurred during a 6-d event (ARI < 
1 yr). These two events likely represent worst-case scenarios for 
suspended solids losses and associated P losses. Prolonged peri-
ods of precipitation overwhelm soil infiltration capacity, leading 
to surface runoff. Overall, results from Subwatershed 11 indicate 
that even frequent small precipitation storms (ARI < 1 yr) have 
the potential to result in extreme P and TSS losses. Therefore, 
designing BMPs that reduce P losses during these small events 
could provide significant reductions in P losses while minimizing 
cost. A similar conclusion was reached by Sharpley et al. (2008) 
that found the largest storms (ARI > 10 yr) were responsible for 
only 20% of P exported during a 10-yr study.
Surface and Drainage Partitioning
Of the five BHL monitoring locations, the grassed water-
way had the highest median EFW concentration for all analytes 
(Table 1). Flow only occurred in the grassed waterway over short 
periods during extreme precipitation events. Therefore, median 
analyte concentrations could be highest at the grassed waterway 
because flow-weighted samples were only able to be collected 
during the short periods of peak flow conditions, whereas sam-
ples were collected for the entire hydrograph at the other four 
sites. However, grassed waterways are typically ineffective at 
removing dissolved nutrients even though they have been shown 
to control erosion (Shipitalo and Edwards, 1996). Fiener and 
Auerswald (2009) measured runoff DRP concentrations from 
watersheds with and without hydrodynamically rough grassed 
waterways implemented. They concluded that grassed water-
ways had little impact on DRP concentration, and the related 
DRP load reduction simply corresponded to the decrease in total 
runoff.
Although the grassed waterway had the highest median EFW 
concentrations for all analytes, the fraction of the total analyte 
export from Subwatershed 8 via the grassed waterway was small 
because of the dominance of the drainage pathway. Over the 2-yr 
period, the tile outlet was responsible for 69.8% of the cumula-
tive subwatershed TP load, 59.2% of the DRP load, and 82.6% 
of the TSS load. Others have also observed substantial drainage 
TP contributions through drainage, ranging from 17 to >50% 
of the total P losses (Culley et al., 1983; Jamieson et al., 2003; 
Tomer et al., 2010; Enright and Madramootoo, 2004; King et 
al., 2015; Smith et al., 2015). However, several field-scale stud-
ies have concluded that subsurface drainage could reduce over-
all P export by reducing surface runoff (Bottcher et al., 1981; 
Bengtson et al., 1988; Fausey et al., 1995; Eastman et al., 2010). 
This suggests that field-scale P transport pathways may be highly 
sensitive to field conditions and properties and may not reflect 
overall P transport at the catchment scale.
Phosphorus losses in the drainage pathway in Subwatershed 
8 were primarily particulate associated, which was unexpected 
given the presence of drainage and the grass waterway. Overall, 
only 39.8% of Subwatershed 8 drainage TP load occurred as 
DRP. Although particulate P has been reported to be the major 
fraction of TP in drainage water in some cases (Uusitalo et al., 
2001; Vidon and Cuadra, 2011), P losses in drainage are typically 
dominated by the dissolved form (Heckrath et al., 1995; Gächter 
et al., 1998; Haygarth et al., 1998; Kinley et al., 2007). The unex-
pected results in the BHL subwatershed could potentially be 
explained by macropore flow conditions in no-till managed areas 
or the presence of surface intakes (although windshield survey 
and communication with the watershed coordinator did not 
indicate their presence). Another possible explanation is that the 
particulate matter in the drainage flow is P enriched; McDowell 
et al. (2004) found that particulate P enrichment ratios increased 
with decreasing erosion. Thus, subsurface drainage could be 
reducing surface runoff and erosion, leading to greater P enrich-
ment of the particulate matter, which is then exported via the 
drainage pathway.
Conclusions
Results from the BHL watershed show that analyte concen-
trations were positively correlated with flow during events, but 
not during baseflow conditions. Single events accounted for an 
overwhelming majority of annual losses in Subwatershed 11; 
two events were responsible for up to 63.9, 84.0, and 81.0% of 
annual subwatershed exports of TP, DRP, and TSS, respectively. 
These results show that even frequent, low-depth storms have 
the potential to cause extreme P and TSS losses. These findings 
highlight the importance of single events and show how site-
specific conditions influence P and TSS losses. Focusing BMP 
design to reduce P losses during frequent small events therefore 
has the potential to significantly reduce P export while minimiz-
ing construction costs. A comparison between surface and drain-
age transport pathways demonstrated that TP, DRP, and TSS 
losses through drainage are significant and that the presence of 
drainage did not decrease overall TP export, and thus conserva-
tion practices designed to treat P in drainage are needed. Finally, 
these results provide evidence that particulate P losses in drain-
age waters can be greater than dissolved P losses. Understanding 
these relationships is important for remediation strategies and to 
assist in targeting areas for BMP implementation.
Journal of Environmental Quality 
Supplemental Material
Details about subwatershed properties, flow exceedance 
curves, gaps in flow data, cumulative loads, time series data, and 
sampling results are included as supplemental material.
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